Dried , p urifi ed , cotto n cellulose sheets were irradiated in a va cuum at 40° C wi th light of 2537 A waveleng th . H ydroge n, carbon m onoxide, and carbo n dioxide wer e evolved , th e degr ee of poly meri zation (D . P .) decreased , and CHO an d CO OH groups were prod uced . Th e evolu tion of h ydrogen ha s not been reported p reviously . The rate of hydrogen evolution followed a parabolic rate law i ndicat ing inhibi t ion b y a produ ct. T he rate of evolution of carbo n monoxide plus car bon d ioxid e increa sed slightly d urin g irrad iation . T h e initial q uan t um yield was 10-2 for hydrogen and 10-3 fo r carbon monoxide a nd car bon dioxid e. A m echanis m is proposed in w hich al cohol groups a re photolyzed to car bonyl wi th t he li beration of hydro gen.
Introduction
The study of the irradiation in a vacuum of polymeric ma terials that contain specific functional groups holds several advantages over the gas-phase photochemical studies of smaller organic compounds containing such groups. In the former , the gaseous dissociation products of the primary process may be allowed to diffu se from the system to a collec tion point. Th e reaction s of labile dissociation produ cts attached to the solid are minimized due to their immobility, and these products may be characterized to some extent after exposure to various gaseous atmospheres. Thus, complicating kinetic chains can be eliminated ancl the interaction of r eactants, intermediates, and products can be kept at a minimum.
Oellulose is a subs tra te that is particularly adaptable to this typ e of s tudy. Oelluloses containing various amounts of carboxyl, aldehyde, and other groups are easily prepared, and quantitative procedmes are available for determining concentra tions of these groups before and after irradiation.
The photochemical degrada tion of cellulose has been extensively inves tigated as it is an important cause of deterioration of textiles and paper . Past investigators have found that the irradiation of cellulose with 2537 A light r esults in considerable degradation both in the presence and absence of oxygen. Increase in carboxyl and r educing groups upon exposm e to air after irradiation has been noted, carbon monoxide and carbon dioxide have been observed as ga eous products, and decrease in glucosidic linkages has been eviden ced by loss in strength, decrease in percen t alpha-cellulose, and decrease in degr ee of polym erization (D . P .) [1J. 1 The amount of degradation was independen t of the pre ence of oxygen dming irradiation and was inhibited by water v apor [2] . A post-irradia tion decomposition t ook place a t a very low r ate in the presence of oxygen [2 , 3] , suggesting the presence of labile dis ociation products in the ll.Tadia ted polymer . This paper describ es the irradiation of pmified, dried, cotton cellulo e in an evacuated ystem with 2537 A ligh t. The composition and r ate of evolution of gaseous product were measm ed and changes in functional group con ten t and degr ee of polymerization of the irradiated cellulose were determined . 1 Figure In brackets Ind icate tho literature references at the end or this paper .
Experimental Procedure

Preparation of Cellulose
Olean cotton sliver ,vas purified by a modification of the method of Warner and M ease [4] . The purified cotton was cut into quar ter-inch lengths, beaten with the minimum amoun t of distilled wa ter in an agate mortar, and m ade in to sheets on a British H andsheet M achine. The e shee ts were cut to form Tec tangles of 92 cm 2 , 0.001 8-cm thick and weighing 0.86 g. The e were dried by occasional h eating at 100° 0 in the irradia tion appar a tu s for over a week until the ys tem would maintain a pressure of less thitn 10-6 mm of H g.
.. Irradiation of Cellulose
The r eaction vessel and irradiation app aratus are shown in figure 1 . The cellulose sh eet was placed around a cold finger tbrough whicb water from a constant-temperature bath wa circula ted. The cold finger wa s raled inLo A, large quar tz tube which was inserted axially into the irradiation apparatus and connected by a stopcock to the vacuum manifold. The cellulose was irradiated 1y five Hanovia quartz low-pressure mercury lamps spaced evenly about the interior of an etched cylindrical aluminum reflector. The lamps were controlled by separate Variacs and transformers, and their operating temperature was maintained at 50 0 ± 1 0 C by an air blower, as their output is quite dependent on temperature [5] . Under these conditions, the energy in the ultraviolet region results almost entirely from the 2537 A Hg line. The intensity of the iTradiating light was calculated from periodic calibration of the lamps in place in the reflector by a selenium photovoltaic cell with a Willemite converter. This sensing device was calibrated against a standard 2537 A source by the Radiometry Section of the Bureau and used in its most sensitive range.
The pressure of evolved gas was measured by a thermocouple gage and a discharge gage of the RCA Vacuum Gage Unit, Type EMG-l , and by a McLeod mercury manometer.
Analysis of Gaseous Products
The composition of gaseous products was determined with a mass spectrometer. Also, the percent hydrogen of the gases in the system was estimated by comparison of the thermocouple and McLeod gage readings.
Analysis of the Irradiated Cellulose
The irradiated cellulose was stored for several months in air and was analyzed to determine changes in the degree of polymerization, carboA'}T1 content, and aldehyde content. The weight-average D . P. was calculated from cuprammonium viscosity data using a relation developed by Battista [6] . The cuprammonium solvent was prepared by the method of Launer and Wilson [7] . The cellulose was dissolved in the cuprammonium solvent in glass vessels containing copper and filled with solvent to exclude air. The viscosities of the 0.50 percent by weight cellulose solutions were determined with Ostwald-Cannon-Fenske vlscometers calibrated with NBS standard oils.
The carboxyl content was determined by a modification of Davidson's methylene blue adsorption method [8] . Automatic I-ml pipets coated with Dow Corning 200 fluid were used to deliver the centrifuged methylene blue solutions to volumetric flasks for dilution. A Beckman Model DU Quartz Spectrophotometer was used for the absorbance measurements.
c. Aldehyde Content
Aldehyde was determined by oxidation of the irradiated cellulose with a solution of sodium chlorite in HOAc-NaOAc buffer (pH = 3.5, ionic strength = 0.11) at 40°C followed by determination of the amount of chlorite consumed [9] . In calculating the aldehyde content, an equation developed from the kinetics of the oxidation of glucose with this reagent was used [10] .
Reflectance
The refleotance of the cellulose sheets was measured by comparison with a fresh surface of magnesium carbonate. The latter reflects 72 percent of the 2537 A radiation [11] . The cellulose sheets initially reflected 55 percent and transmitted 1.8 percent of the 2537 A light.
Results
.1. Gaseous Products
Hydrogen, carbon mono}'.'ide, and carbon dioxide were evolved during the irradiation. The mole percent of hydrogen decreased with increasing dosage and could be extrapolated to an initial value of 92 percent. Table 1 gives the results of the mass spectrometric analysis of gases evolved during an irradiation of 2.84 X I0-4 Nhv /cm 2 at 40° C where N is Avogadro'S number, h is Planck's constant, and v is the frequency of the irradiating light. The rate of hydrogen evolution fell off with increasing dosage but behaved erratically at higher total gas pressure. In order to minimize the reaction between gaseous products and the irradiated cellulose, the system was alternately isolated and evacuated for 5-min periods during the irradiation for many of the runs. Thus, the total gas pressure was kept below 0.03 mm. A plot of the square of the reciprocal of the rate of hydrogen evolution versus dosage (time) in figure 2 gave a linear relationship, indicating conformance to the parabolic rate law [12] given in eq (1): (1) where t = time, x=moles of hydrogen formed, and both k, the initial rate, and a are constants. A plot of log k for a particular cellulose sheet versus log intensity resulted in a straight line of unit slope for intensities of 13.4 X IO-9 , 9.62 X I0-9 , and 6.49 X IO-9 Nhv/cm 2 sec.
The intensities recorded in this paper and used in the calcula tion of quantum yields arc probably accurate to within ±2 percent. Therefore k = I aiPH where iPH is the initial quan tum yield of h ydrogen and I a is the intensity 6f absorbed light. It was assumed in the calculation of quan tum yields that 43 per cent of the light was absorbed. aldehyde and 8.3 X 10-6 carboxyl gave iPH= 0.0097. The intersheet variation in iPH was less than ± 10 per cent. Values of the constant, a, for the two series varied erratically between 6.0 X 10 6 and 10.0 X 10 6 moles-I, and could not be correlated with intensity.
The rate of evolution of carbon monoxide DIu carbon dioxide r emained relatively constant. However, as can be seen from values obtained from a run at 9.62 X 10-9 N hv/cm 2 sec at 40° 0 in figure 3 , the rate of evolution of these gases decreases at first, passes through a minimum, and then steadily increases. The rate was proportional to th e fIT t power of the intensity , and the zero-order rate equation showed a combined quantum yield of carbon monoxide and carbon dioxide of 10.9 X 10-4 moles/ Nhv for the first series of cellulose shee ts and .0 X 10-4 for the second series. If the gradient in dosage follows L ambert's law, the number of chain scissions can be calculated from initial and final weight-average D . P .'s, the absorption coefficient, and the thickness of th e sh eet by assuming random fracture of an initially r andom distribution [14] .
The absorption coefficient for unit thiclmess is 3.22 for the sheets de crib ed in table 2. Figure 4 contains the moles formed of aldehyde, carboxyl, hydrogen, carbon monoxide, and carbon dioxide, an d chain fractures versus dosage of 2537 A ligh t at 40° 0 for the 0.86-g cellulose sheets described in table 2.
Interruption of the irradiation by an . evacuation for several days at 100° 0 h ad no effect on the kinetics of gaseous evolu tion.' A period of treatment with hydrogen followed by evacuation also had no effect. Treatmen t of the irradiated sample with o).. 'Ygen followed by evacuation at 100° 0, however, caused a temporary inhibition of evolution of gas upon resump tion of the irradiation, as shown in figure 5 . A. At tbis point the run was interrupted. H , added. tbe sam ple beated·at 1OOo;C for 6 br. a nd evacuated at 100° C for 1 week before resumption of tbe run ; B . as in A. except 0 , added instead of H2.
. Discussion
Th e only direct measurement of th e primary process in th ese exp erimen ts is th e m easurement of th e rate of evolution of th e gaseous products.
B efore the measurement of change in carboxyl, aldehyde, and D . P. , the irradiated specimens which contained oxygen-labile groups had been stored in air for several months until presumably all photosensitized oxidation was complete. The specimens may have been further modified by the fra cture of alkali-sensitive linkages during the viscosity determinations and by the acidic reagents used in the carboxyl and aldehyde determina tions. Since the more crystalline regions of the cellulose are not completely accessible to the latter two reagents, the carboxyl and aldehy de values may be low. However, a dosage of 0.02 Nhv produced 8 .5 X 10-5 mole of hydrogen from a sample that contained initially 0.32 X I0-5 equivalents of aldehyde and 0 .54 X IO-5 equivalents of carboxyl groups. Thus, even if the values for aldehyde and carboxyl are somewhat low, the amounts of aldehyde and carboxyl initially present are quite insufficient to account for the amount of hydrogen formed during the irradiation .
The evolution of h ydrogen upon irradiation of cellulose with 2537 A light has not been noted by other investiga tors [2] . The prolonged degassing of the cellulose and the maintenance of a high vacuum during the irradiation apparently r emoved traces of water, adsorbed o).. "y-gen , or some other substance that either inhibited hydrogen formation directly or r eacted with any hydrogen atoms produced before they could combine to form molecular hydrogen.
If hydrogen were formed by reactions involving the glucoside linkages, it would be necessary to postulate that these reactions do no t involve chain scission because the ratio of chain scissions to molecules of hydrogen formed is 0. 18. A plausible explanation of the source of hydrogen is the photolysis of alcohol groups by the over-all reaction in eq (2) R " ' / C /'" OR (2) known to take place when simple alcohols are irradiated in the gas and liquid phases at below 2000 A [15, 16] . Simple alcohols are transparent to 2537 A radia tion .
Simple ald ehy des and ketones fluoresce in the ultraviolet and are decomposed photochemically in the gas phase to produce carbon monoxide, various h ydrocarbons, a little hydrogen , and, in th e case of ketones, RCOCOR [17] .
Although the r educing groups in cellulose may not be present as free aldeh yde, th ese groups and any aldehyde groups formed from the irradiation of primary alcohol groups in th e cellulose might be expected to react analogously to gas-phase photodecompositions as in eq (3) . Likewise, keto groups from the photolysis of the secondary alcohol groups might r eact as in eq (4).
XCHO + hv---7X· + CH0---7CO +XH2+ X·
XCO + hv---7X-CO---7CO + X :
where X represents the r emal1ung cellulose chain which may contain free radicals or other labile groups. The increasing carbonyl concentratlon from reaction (2) at the surface of the cellulose sheet would act as a nonvolatile filtering layer that would decrease the rate of photolysis of the alcohol groups. This effect can explain the product-inhibited rate equation for hydrogen evolution and the decreasing apparent quantum yields of hydrogen and functional groups as well as the increasing yicld of carbon monoxide. Cellulose is known to fluoresce in the ultraviolet and the fluorescence increases upon irradiation [18] .
Oxygen-labile linkages are formed during the irradiation of cellulose [2, 3] ; therefore, the close stoichiometric parallel to be seen in figure 4 between the calcu lated number of chain scissions and the amount of carboxyl formed indicates that the reactions involving chain fracture and oAridation to carboxyl in air may be closely related.
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